Summary: A frequently reported limitation to using water as a tracer for measuring CBF has been the dependence of the CBF estimate on the experimental time (referred to as the fail ing flow phenomenon, FFP), To eliminate the FFP, we have developed the adiabatic solution of the tissue homogeneity model to replace the solution of the single-compartment Kety modeL In Part I, the derivation of the adiabatic solution was presented, In this second part, the adiabatic solution was ap plied to measure CBF in rabbits using nuclear magnetic reso nance spectroscopy and the tracer deuterium oxide, It was shown that the FFP, observable when the 2 H clearance data
were analyzed with the Kety equation, was significantly re duced when the same data were analyzed with the adiabatic solution of the tissue homogeneity modeL By concurrently measuring CBF with radioactive microspheres, it was deter mined that the CBF estimates from the adiabatic solution were accurate for true blood flow values less than 60 mL'100 g-I 'min-I, Above this value the CBF estimate was progres sively underestimated, which was attributed to the diffusion limitation of water in the brain, Key Words: Cerebral blood flow-Tracer kinetics-Deuterium oxide-Nuclear magnetic resonance spectroscopy, resonance spectroscopy, This technique was chosen be cause it provided data with good signal-to-noise ratio, Since D 2 0 was injected into a peripheral vein and the arterial blood concentration of the tracer was determined throughout the experiment, the experimental procedure was analogous to that used in human studies with posi tron emission tomography (PET) (St. Lawrence et aI., 1992) , Additional steps were taken to ensure that other possible sources of the falling flow phenomenon (FFP) were accounted for in the experimental protocol. Such sources include timing errors in the input function (Iida et aI., 1986 , Koeppe et aI., 1987 , dispersion of the true input function (lida et aI., 1986) , tissue heterogeneity (Gambhir et aI., 1987) , and arterial blood contamination (Koeppe et aI., 1987 , Ohta et aI., 1996 . Finally, the CBF estimates derived from the adiabatic solution were veri fied by concurrent measurements with radioactive mi crospheres (Heymann et aI., 1977) .
THEORY
The theoretical modeling that formed the basis for the data analysis in this study was outlined in Part L The 2 H clearance data were analyzed with both the Kety equa tion (Equation 1 in Part I) and the adiabatic solution to the TH model (Equation 14 in Part I), As discussed in Part I, for either solution CBF was determined from the exponential rate constant, which characterized the clear ance of labeled water from brain tissue. For reference, the rate constant for the Kety equation is (1) where A is the partition coefficient, E is the extraction fraction of water, and F is the blood flow of the tissue. For the adiabatic solution to the TH model, the rate con stant is
where Ve is the volume of water in the extravascular space (EVS) of the tissue.
Effect of the arterial signal
The modeling process outlined in Part I only describes tracer transport in the microvasculature. Under experi mental conditions, it is likely that larger vessels will contribute to the signal from the tissue (Feindel et aI., 1965; Koeppe et aI., 1987; Ohta et aI., 1996) . This ad ditional vascular signal can be accounted for in the adia batic solution (Equation 14 in Part I) by replacing the parameter Vi' which is the distribution volume of water in the microvasculature (IVS), with a larger vascular vol ume, Vb' that represents the volume of all blood-borne signal, including Vi
Effect of internal dispersion
It has been shown that the shape of the arterial blood curve measured at a peripheral artery can be distorted compared with the shape of the curve in the brain (lida et ai., 1986) . This distortion is caused by the difference in the dispersion of the tracer as it passes from the heart to the brain compared with the dispersion from the heart to the peripheral arterial sampling site. Internal dispersion can be characterized by the following function (Iida et aI., 1986) 1
where d/t) is the internal dispersion function and T is the internal dispersion time constant. The measured arterial blood curve, Ca.m(t), at the peripheral site is related to the true arterial function, Ca(t) by
Using Equation 5, the Kety equation (Equation I in Part I) can be expressed in terms of the measured arterial blood curve
Equation 6 has a form similar to the adiabatic solution (Equation 3), That is, the effects of internal dispersion and diffusion limitation of the tracer both lead to a frac tion of the arterial blood curve being required in the solution for Q(t). Therefore, the effect of internal disper sion must be determined separately if the diffusion limi tation of water is to be investigated independently. A simple "bench top" experiment, which is outlined in the next section, was carried out to determine the effect of internal dispersion,
METHODS

Experimental procedure
Cerebral blood flow was measured in male New Zealand rabbits weighing 2,5 to 3.0 kg. Before an experiment, the rabbit was administered a preoperative dose of ketamine and xylazine (35 mg/kg ketamine mixed with 5 mg/kg xylazine) by intra muscular injection. An ear vein was catheterized and a trache otomy performed while the rabbit was masked with 5% halo thane. The rabbit was then ventilated with a mixture of O 2 and 1.5% isoflurane and paralyzed with an intravenous injection of pancuronium bromide (0.3 mg/kg), which was repeated at 1-hour intervals throughout the experiment. Catheters were in serted into a femoral vein, an ear vein, both femoral arteries, and the left atrium of the heart. To avoid signal contamination from scalp tissue, it was retracted to allow the surface coil to be placed directly on the skull.
After surgical preparation, the rabbit was wrapped in a re circulating water heating pad to maintain rectal temperature at 37°C. A three-tum surface coil with a diameter of 1.6 cm was placed on the rabbit's skull, and the rabbit together with the surface coil were positioned in the center of a horizontal bore Oxford magnet with a field strength of 1.89 T. Data acquisition was controlled by a Multi-Spec-IV2 console from Surrey Medi cal Imaging Systems (Surrey, u.K.). Arterial blood pressure was monitored throughout the experiment by means of a trans ducer connected to a femoral arterial catheter, and if required, phenylephrine (0.2 mg/mL) was infused into the ear vein to ensure that mean arterial blood pressure was maintained within the normal range (75 to 100 mm Hg). Before each CBF mea suremcnt, the blood gases were repeatedly measured to ensure they remained stable over a period of at least a half hour. Cerebral blood tlow was measured twice in each animal, and the PaC0 2 was varied between trials (from 25 to 60 mm Hg) to obtain a range of CBF values. After each trial, the blood gases were again measured to determine whether the levels had re mained constant during the experiment.
After the stabilization period, 10 mL of 99.1 % D 2 0 with 0.9% NaCl was infused for 30 seconds into the femoral vein catheter. In none of the rabbits did the D 2 0 infusion cause any changes in the arterial blood pressure. An adiabatic radio fre quency pulse, having its amplitude modulated by a hyperbolic secant function, was used for uniform excitation of the 2H nuclei in the brain (Baum et aI., 1985) . The repetition time between successive pulses was 750 ms, which was chosen to allow the 2H nuclei sufficient time to return to equilibrium before the next radio frequency pulse. The 2H signal, which was the average of four free-induction decays (flO), was col lected every 3 seconds. Owing to the rapid hydrogen deuterium exchange, this signal reflected singly deuterated wa ter HOD concentration in the brain (Ackerman et aI. , 1987) . The 2H data were collected for 1 to 2 minutes before injection (background signal) and for 15 minutes after injection. To de termine the 2H concentration in arterial blood during the ex periment, arterial blood samples were collected at known time intervals throughout the experiment. The blood was withdrawn at a rate of 0.3 mLimin by a peristaltic pump connected to a femoral artery catheter. Using a fraction collector, the blood samples were collected over the following time intervals: 6 seconds for the first 3.5 minutes, 12 seconds for the next 3 minutes, and 30 seconds for the last 8. 5 minutes. The concen tration of HOD in each sample was determined after the ex periment using the procedure described below.
Immediately after the completion of a 020 washout experi ment, CBF was measured using radioactive microspheres (Hey mann et aI. , 1977) . For the microspheres experiment, arterial blood was drawn from a femoral catheter at a rate of I mLimin for 3 minutes. At the I-minute mark, 10 /-lCi of radioactive micro spheres were injected into the left atrium. After the . completion of both 2H clearance trials and their respective mi crospheres experiments, the rabbit was killed and the brain removed. The brain was cut into small samples and each sample weighed. The content of radioactive microspheres in the tissue samples and the blood reference samples wcre assayed, and from this data, CBF was determined for each brain sample (Heymann et aI. , 1977) . The relative concentration of HOD in each of the blood samples collected during a 020 washout experiment was de termined using a small solenoid coil placed in the 1.89 T mag net (St. Lawrence et aI. , 1992) . The number of FlO collected for each sample depended on the time interval in which the sample was collected: 512, 200, and 64, respectively, for the time intervals listed previously. The measurement (see next paragraph) from each blood sample was scaled according to its weight and the number of FlO averaged.
For both the tissue and the arterial blood data, processing consisted of multiplying each averaged flO with an exponen tial filter (4-Hz line-broadening factor), finding the complex frequency spectrum by fast Fourier transform, and calculating the magnitude of the complex frequency spectrum afterward. Each magnitude spectrum was then integrated with respect to frequency to determine the area under the 2H peak. The indi vidual peak areas were corrected for the background signal by subtracting the average peak area value determined from spec tra collected before the injection of the 020. There were be tween 20 and 40 background spectra collected for the tissue data, and 5 for the arterial blood data.
Signal detection
As mentioned previously, the 2H signal from the brain was detected using a surface coil. The finite extent and nonunifor mity of the surface coil's field of reception of radio frequency waves necessitated the following modifications to Equation 3. To begin with, because the boundaries of the coil's sensitivity volume were not well defined, it was assumed that the coil detected signal originating from both gray and white matter in the brain (Ewing et aI. , 1989) . To account for the signal from these two types of tissue, the adiabatic solution was summed over two rate constants in which the faster one represented blood flow in gray matter and the slower one represented blood flow in white matter (Obrist et aI. , 1967) . In addition, the coil's J Cereb Blood Flow Me/ab, Vol. 18. No. 12, 1998 sensitivity to gray and white matter would be different depend ing on their respective locations relative to the coil. To account for these factors, Equation 3 was modified as (7) where the sUbscriptj referred to either gray or white matter. All variables were defined previously, except W j ' which was the relative weight (fraction) of the jth type of tissue, and S j ' which represented the sensitivity of the coil to this tissue type. It was impossible to determine S j without knowing the exact location of thejth tissue type relative to the coil. Consequently, although an individual CBF for each of the two tissue types could be determined from their respective rate constants, without know ing the S j ' the mean CBF for the specific mixture of gray and white matter in the sensitivity volume of the coil could not be determined.
Data analysis
In the curve-fitting analysis, all parameters before the inte gral sign for each tissue type in Equation 7 were lumped to gether as a single fitting parameter CY j , and the vascular volumes were combined as a single term cybCa(t). It is important to note that the fitting parameter, CY i ' could not be used as a measure of the relative weight of the jth tissue since this parameter was also dependent on S j ' Because of the nonuniformity of the spa tial sensitivity of the surface coil, S j could not be determined, and therefore, its effect on the magnitude of CY j was unknown.
A time shift (M) between the two data sets' (the tissue and arterial blood concentration of HOD was included in the fitting routine to account for the difference in time between the arrival of the tracer in the brain and the arrival of the tracer at the fraction collector (Meyer, 1989) 2 Q(t) = 2: CYi It CJt -t:.t -u)e-kJ"du + CYbC" (t -t:.t) j�l 0
A constrained quasi-Newton algorithm was used in the re gression analysis (Gill and Murray, 1974) to estimate the pa rameters in Equation 8. Besides the adiabatic solution of the TH model, the Kety equation was also used in the analysis. The Kety equation was also summed over two tissue types and its operational equation was given by Equation 8 without the cybCa(t) term. Note that in Equation 8 the subscript Ie or adb on the rate constant was omitted. This omission was deliberate as the definition of a rate constant was not relevant to the regres sion analysis. When CBF was determined from the estimated rate constant, it was necessary to use either Equation 1 or 2, depending on the solution used in the analysis. For both solu tions. the rate constants and scaling factors were constrained to have positive values since any negative values were nonphysi ologic. A piecewise cubic Hermite interpolation routine was used to interpolate the arterial data to the same sampling inter val as the tissue data (Gill and Murray, 1974) .
To determine whether the estimates of the rate constants were independent of the experimental duration, the regression analysis was repeated using the Kety equation and the adiabatic solution with an increasing amount of data included with each successive repetition. The analysis began with the first 4 min utes of clearance data (the time of the initial rise of the 2H clearance curve above background was taken as zero time), and with each repetition, an additional 1 minute of data was in cluded in the analysis until the end of the clearance data set was reached (15 minutes). A starting duration of 4 minutes was chosen because the clearance data did not reach its maximum value until roughly 2.5 minutes after injection because of the relatively long infusion duration (30 seconds) and the convo lution of the data with the dispersion function of the sampling apparatus (see next section). For each increment, the percent difference of the higher rate constant (k ] ) determined for the entire experimental duration from that determined for that time duration was calculated. The results were divided into two categories: (1) k ] values corresponding to CBF measurements obtained using radioactive microspheres (CBF M ) that were less than 60 mL·lOO g-] 'min-1 (referred to as the flow-limited cat egory), and (2) k] values corresponding to CBF M values that were greater than 60 mL·100 g-] 'min-I (referred to as the diffusion-limited category). The value of 60 mL·100 g-]'min-I was chosen as the boundary between these two categories be cause E was approximately 0.9 at this flow value (assuming PS = 150 mL·100 g-I'min-I; Herscovitch and Raichle, 1987) , and therefore, above this flow value, the effect of the diffusion limitation of water on the CBF estimate should become notice able. With regard to the Kety equation, if the diffusion limita tion of water were the primary factor contributing to the FFP, then the FFP should have been negligible for the flow-limited group since E was close to one. On the other hand, if there were a significant contribution from the larger vessels, then the FFP should have been observable at all flow values since this factor was independent of the diffusion limitations of the tracer (Ko eppe et aI., 1987) . For the adiabatic solution, the FFP should not be present in either category since the (XbCa(t) term in Equation 8 had already accounted for all of the vascular signal.
This analysis was not repeated for the lower rate constant (k2) because of its significantly lower precision as compared with the precision of kl (see Fig. 6 in Part I).
External dispersion
A l.O-m length of PE 60 surgical tubing (1.1 mL volume) was used to connect the fraction collector to the arterial cath eter. This length of tubing was required to keep the sampling apparatus at a sufficient distance away from the magnet so as not to affect the detection of the 2H signal. The presence of the tubing led to two artifacts in the measured arterial curve: a time delay with respect to the tissue data and a dispersion with respect to the true arterial curve. The time delay was accounted for in the regression analysis by the time shift variable dis cussed previously. The dispersion artifact was characterized by performing the following experiment.
The arterial blood sampling tubing, together with the arterial catheter and a three-way stopcock, was filled with saline. At time zero, one end of the tubing was dipped into a mixture of blood and D 2 0. Using the peristaltic pump, samples were col lected at 6-second intervals for 4 minutes after the submersion of one end of the tubing in the mixture, and the procedure was repeated four times. The HOD concentration in each sample was measured using the same procedure as with blood samples from the CBF experiments. The dispersion of a known input function can be expressed mathematically as (lida et aI., 1986) (9) where C'rue(t) is the known input function, Cm(t) is the mea sured function, and disp(t) is the dispersion function. In the dispersion experiments, the input function was a step function, which reduced Equation 9 to
The dispersion function, disp(t), was assumed to be the sum of two gamma variate functions. The parameters of the gamma variate functions were determined by fitting Equation 10 to the measured curve, Cm(t), using nonlinear regression techniques (Gill and Murray, 1974) .
In principle, knowing the dispersion function of the sampling system, the true arterial blood curve could be determined by deconvolution. Instead, for the CBF experiments, the tissue data were convolved with disp(t), which was equivalent to deconvolving the arterial data but easier to implement. If Q m(t) was the measured tissue curve, then the dispersed tissue curve, which was the data to be fitted by Equation 8 using nonlinear regression analysis, was given by
For these experiments, iodinated x-ray contrast agent (Isovue 300) was used as a tracer so that its concentration could be measured using the principle of absorptiometry . The experimental setup consisted of a length of tubing with an internal diameter of 0.28 cm, a peristaltic pump, and the absorptiometry unit . One end of the tubing was passed through the peristaltic pump before it was connected to the absorptiometry unit. The tubing had an additional 90-cm removable section that represents the distance from the left ventricle to the radial arteries in humans. This section was removed in baseline experiments and attached in the experiments designed to simulate dispersion in arteries. Before each experiment, the tubing was filled with water and, at time zero, the free end of the tubing was dipped into a reservoir of contrast solution (20 mg iodine/mL). The solution was pumped through the tubing at a rate (7 to 18 cm/s) con trolled by the peristaltic pump, and the dispersion of the con trast agent was measured by the absorptiometry unit. Using the assumed internal dispersion function for arteries (Equation 4), the measured baseline dispersion curve was deconvolved with the measured arterial dispersion curve to determine the internal dispersion time constant T.
RESULTS
Data analysis
A total of 44 trials (2 per rabbit) were attempted on 22 rabbits, with blood flows ranging from 30 to 150 mL·lOO g-1 ·min-1 . Six of the trials failed because of either tech nical errors or a change in Paco 2 greater than 3 mm Hg in the rabbit during the experiment. The data obtained from one experiment are illustrated in Fig. 1 . In the fig ure, time zero had been arbitrarily set to correspond to the time of the initial rise of the 2 H clearance curve above background, and the data before time zero represented the background values. The arterial data set had been shifted to the right to account for the time delay intro duced by the arterial blood sampling apparatus. In the subsequent regression analysis, the relative positions of these two sets of data on the time axis were not important because a time shift (.�t) variable had been included as a fitting parameter. The data were presented in relative units only because no calibration between the blood and tissue data was performed owing to the nonuniform spa- tial sensitivity of the surface coil. However, calibration was not necessary because CBF were determined from the rate constants only. For both the Kety equation and the adiabatic solution, the time dependency of k l is illustrated in Fig. 2 for the 36 successful trials. The mean percent difference in k l as a function of experimental duration was plotted for the flow-limited group and the diffusion-limited group. From this graph it was apparent that the FFP was quite dramatic for both flow groups when the data were ana- Experimental Duration (min)
The plot of percent difference of k, determined for the entire experimental duration from that determined for a particular experimental duration versus experimental duration. The data were divided into two groups: (1) CBF less than 60 mL·100 g-1·min-1 (flow-limited group), and (2) CBF greater than 60 mL·100 g-1·min-1 (diffusion-limited group). There were 12 trials in the flow-limited group and 24 trials in the diffusion-limited group. All data were analyzed using both the adiabatic solution of the tissue homogeneity model and the Kety equation. The data plotted were the mean percent differences of k, for each group, estimated using both solutions. The error bars were the standard errors of each group at the specific experimental duration. Adb., adiabatic.
J Cereb Blood Flow Metab. Vol. Iii. No. 12. 1998 lyzed using the Kety equation. In comparison, the FPP was reduced considerably when the data were analyzed using the adiabatic solution of the TH model. For validation, the estimate of gray matter blood flow (CBF g ) from k l, as defined by Equation 2, was compared with the CBF M for samples of tissue that were located just beneath the surface coil and were comprised mainly of cortical gray matter. Using a value of 94 mL.IOO g-l for Ve (Herscovitch and Raichle, 1985) , CBF g was cal culated for all 36 trials using the higher rate constant estimated from the entire experimental duration. The CBF g values are plotted in Fig. 3 as a function of the corresponding CBF M measurements. The estimated value of the PS product for water was 140 mL·100 g-I 'min-I , which was obtained by fitting Equation 4 from Part I to the data (Crone, 1963) . This value was in good agreement with previously reported values for the PS product of the cerebral cortex (Herscovitch and Ra ichle, 1987) .
Because of the mixing of gray and white matter in the other brain samples, an estimate of white matter blood flow was not obtained from the micro spheres data. As a result, the CBF estimate from the lower rate constant, which represented white matter blood flow, could not be validated. Instead, the correlation between the k 2 esti mates from the regression analysis and CBF M is pre sented in Fig. 4 . Although CBF M represented gray matter blood flow, this graph did show the high degree of scatter in k b which was caused by the low precision associated with this parameter. In Part I, we estimated that the co efficient of variation (CY) of k2 was approximately 22%, which was considerably higher than the CY of k l (",, 7%). This reduction in precision can be attributed to the smaller weighting factor for this rate constant. Although the weighting factor for white matter is generally smaller than that of gray matter because of the lower blood flow in white matter, the value is further reduced by the sur face coil's nonuniform sensitivity. The coil was most sensitive to the tissue immediately beneath it, which was cortical gray matter.
External dispersion
In Fig. 5 , the averaged data set from the four trials of the external dispersion experiment is illustrated with the fit to the data using Equation 10 superimposed. The ex cellent agreement indicated that the dispersion caused by the blood sampling apparatus could be well represented by the sum of two gamma variate functions, which was the assumed external dispersion function. Figure 6 shows the convolution of the tissue curve from Fig. 1 with the external dispersion function in Fig. 5 .
Time ( clearance curve, which is displayed in Fig. 1 , with the dispersion function of the blood sampling apparatus. It was the convolved data set that was fitted with Equation 8 to determine CBF.
The CY of the residuals of the averaged data set dis played in Fig. 5 from the fitted dispersion function was 1.3%. Using the covariance matrix method, which was outlined in Part T, we determined that the CY for any of the parameters defining the external dispersion function (see Equations 9-11) was less than or equal to 3%. By sequentially changing each parameter of the external dis persion function by two standard deviations, we deter mined that the largest expected error in the k[ and k2 estimates would be 3% and 7%, respectively. Therefore, any possible error in the characterization of the disper sion caused by the sampling apparatus would not signifi cantly influence the CBF measurements.
Internal dispersion
The internal dispersion time constants measured for various flow velocities in the internal dispersion experi ments are given in Table 1 . For comparison, using color flow Doppler ultrasound the mean blood flow velocity in the radial artery of one volunteer was measured to be 18 cm/s. Because the path length difference found in the rabbit experiments was significantly shorter than 90 cm, the dispersion time constant must have been less than 0.4 seconds. Therefore, the influence of internal dispersion on the shape of the arterial curve would be negligible.
DISCUSSION
As demonstrated by the results in Fig. 2 , the FFP was observable in both the flow-limited group and the diffu- sion-Iimited group when the data were analyzed using the Kety equation. In the literature, various factors that may contribute to the FFP have been investigated. These factors included (1) tissue heterogeneity (Gambhir et aI., 1987) , (2) timing errors in the input function (lida et aI., 1986 (lida et aI., , Koeppe et aI., 1987 , (3) dispersion of the input function (lida et aI., 1986) , (4) the inadequacy of the single-compartment model (Gambhir et aI., 1987; Larson et aI., 1987; Ohta et aI., 1996) , and (5) signal contami nation from arterial blood (Koeppe et aI., 1987; Ohta et aI., 1996) . Tissue heterogeneity could be disregarded as a possible explanation in this study because both the Kety equation and the adiabatic solution were summed over two tissue types. To avoid any error resulting from a time shift between the 2 H signal in tissue and in arterial blood, a time shift variable was included as a fitting parameter in the regression analysis (Meyer, 1989) . Dis persion of the input function (arterial curve) could occur within both the subject (internal dispersion) or the sam pling apparatus (external dispersion). The results in Table I demonstrated that the internal dispersion time constant was small for the flow velocities found in ar teries, which were typically greater than 18 cm/s. Con sidering that the path difference within a rabbit was much shorter than the 90-cm length of tubing used in the experiments of Table 1 , internal dispersion must have been insignificant in the rabbit experiments. External dis persion, although present, was explicitly accounted for by determination of the external dispersion function in separate dispersion experiments outlined previously. Therefore, in our CBF experiments neither source of dis persion could be considered the cause of the FFP.
We believe that the FFP arises from the remaining two factors: inadequacy of the Kety model in describing wa ter transport in the brain and signal contamination from arterial blood. It has been demonstrated theoretically that water transport in the brain would be better described by a two-compartment model (Gambhir et aI., 1987) . Our data support this hypothesis and complement the find ings of Ohta et al. (1996) , who investigated the effect of a vascular contribution on CBF measurement using PET and the tracer H 2 15 0. As the results in Fig. 2 illustrated, when the Kety model was used to analyze data from the diffusion-limited group, there was a consistent decrease in the k\ estimate as the experimental duration increased. By using the adiabatic solution instead of the Kety equa tion, the trend was significantly reduced, although not entirely eliminated. Even with the adiabatic solution, the mean k\ for the 4 minutes of experimental time was 40% greater than kl for the entire experimental duration, which was attributed to the correlation between the fit ting parameters CXb and k\ (see Table 3 , Part I). As dis cussed in the previous article, the correlation between these two parameters could be eliminated by increasing the experimental duration to more than 9 minutes. There J Cereb Blood Flow Metab, Vol. 18, No. 12, 1991! was also a bias introduced into the kl estimate derived from the analysis with the Kety equation, which was the result of the constraints imposed in the regression analy sis. However this bias was not large enough to explain the FFP associated with this model. Therefore, the ob served FFP must be a result of the inadequacy of the Kety model in accounting for the diffusion limitation of labeled water. If the FFP were only a result of the diffusion limitation of the tracer in the microvasculature, then it should not have been observed for the flow-limited group when the data were analyzed with the Kety equation. However, the results illustrated in Fig. 2 showed a large overestimation of k \ for early integration times, although for times greater than 6.5 minutes the kl estimate was stable. We believe that this overestimation of kj was a result of the blood-borne signal arising from outside the capillary space, such as from a major artery. The significance of the arterial blood volume has been recently demonstrated by Ohta et aI. (1996) . Using PET they were able to generate maps of the vascular volume, and from these maps it was clearly demonstrated that the vascular vol ume increased dramatically near major arteries. With the adiabatic solution, the arterial blood-borne signal was accounted for by the term cxbCa(t), and as a result, the estimate of k\ was relatively stable over all integration times for the flow-limited group.
Even though the adiabatic solution significantly re duced the FFP, the results in Fig. 3 demonstrated that this solution was only able to accurately measure CBF at flow rates less than 60 mL·100 g-1 ·min-1 . Above this threshold, the CBF estimate was appreciably underesti mated because of the limited extraction of water into the parenchymal tissue. These results were similar to what had been previously reported for CBF measurements us ing the tracer H 2 15 0 (Raichle et aI., 1983) . It had been demonstrated that if CBF was to be measured accurately at all values, then compartmental models had to be aban doned in favor of the more physiologically realistic dis tributed-parameter models (Goresky et aI., 1976; Rose et aI., 1977; Larson et aI., 1987) . Unfortunately, as dis cussed in Part I, the solutions to distributed-parameter models were considerably more complex than the adia batic solution. Furthermore, there were other experimen tal limitations that had to be considered, such as (1) the arterial blood-borne signal, and (2) tissue heterogeneity. Regardless of the model chosen, these factors will influ ence the CBF estimate if they are not accounted for in the modeling. A distributed-parameter model had been used to analyze data acquired with PET, and it was concluded that owing to the noise limitations of PET images, imple menting such a model was unrealistic (Quarles et aI., 1993) . For our study the adiabatic solution represented a reasonable compromise between experimental reality and the true complexity of water transport in the brain.
In summary, experimental data were presented that verified the ability of the adiabatic solution of the TH model to properly describe the transport of water in the brain. From the data analysis, it was determined that the adiabatic solution was capable of significantly reducing the FFP that was observed when clearance data were analyzed with the Kety equation. By accounting for other possible sources of the FFP, we believe this phenomenon can be attributed to the diffusion limitation of water and the arterial blood-borne signal. For validation of the adia batic solution, CBF was concurrently measured with ra dioactive micro spheres. By comparing the microspheres CBF estimates with the estimates from the adiabatic so lution, it was also demonstrated that the latter could ac curately measure CBF for flow values less than 60 mL·IQO g-1 ·min-1 . Above this value, the diffusion limi tation of water resulted in a progressive underestimation of CBF by the adiabatic solution as the true value of CBF increased.
